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1
The formation and recycling of reactive nitrogen (NO, NO 2 , HONO) at the air-snow 2 interface has implications for air quality and the oxidation capacity of the atmosphere in 3 snow-covered regions. Nitrate (NO 3 -) photolysis in snow provides a source of oxidants 4 (e.g., hydroxyl radical) and oxidant precursors (e.g., nitrogen oxides) to the overlying 5 boundary layer, and alters the concentration and isotopic (e.g., δ 15 N) signature of NO 3 -6 preserved in ice cores. We have incorporated the photolysis of Antarctic snow NO 3 -into 7 a global chemical transport model (GEOS-Chem) to examine the implications of snow 8 NO 3 -photolysis for boundary layer chemistry, the recycling and redistribution of reactive 9 nitrogen across the Antarctic continent, and the preservation of ice-core NO 3 -in Antarctic 10 ice cores. This modeling framework uses an idealized snowpack that accounts for the 11 spatial variability in parameters that influence snow NO 3 -photolysis. The goal of this 12 research is to investigate the potential spatial variability of snow-sourced NO x fluxes 13 along with the recycling, loss, and areal redistribution of nitrogen across Antarctica, 14 which is an environment in which observations of these parameters over large spatial 15 scales are difficult to obtain. The calculated potential fluxes of snow-sourced NO x in 16
Antarctica range from 0.5 x10 8 to 7.8x10 8 molec cm -2 s -1 and calculated e-folding depths 17 of UV actinic flux in snowpack range from 24 to 69 cm. Snow-sourced NO x increases 18 mean austral summer boundary layer mixing ratios of total nitrate (HNO 3 +NO 3 -), NO x , 19 OH, and O 3 in Antarctica by a factor of up to 32, 38, 7, and 2, respectively, in the model.
20
Model results also suggest that NO 3 -can be recycled between the air and snow multiple 21 times and that NO 3 -can remain in the snow photic zone for at least 7.5 years on the East 22
Antarctic plateau. The fraction of photolysis-driven loss of NO 3 -from the snow is 23 roughly -0.99 on the East Antarctic plateau, while areas of wind convergence (e.g., over 24 the Ronne Ice Shelf) have a net gain of NO 3 -due to redistribution of snow-sourced 25 reactive nitrogen across the Antarctic continent. The modeled enrichment in ice-core 26 δ 15 N(NO 3 -) due to photolysis-driven loss of snow NO 3 -ranges from 0‰ to 363‰, with 27 the largest enrichments on the East Antarctic plateau. There is a strong relationship 28 between the degree of photolysis-driven loss of snow NO 3 -and the degree of nitrogen 29 recycling between the air and snow in regions of Antarctica with a snow accumulation 30 rate greater than 85 kg m -2 a -1 in the present day. This modeling framework study is also 31 used to perform a variety of sensitivity studies to highlight the largest uncertainties in our 32 ability to model these processes in order to guide future lab and field campaigns .  33   34  35  36  37  38  39  40  41  42  43  44  45  46 an ice film and measured ϕ for E1 (0.6 molec photon -1 at T=253K), as the frozen surface 93 was irradiated with UV radiation. In a recent study by Meusinger et al. [2014] , ϕ=0.003-94 0.44 molec photon -1 for E1, which nearly spans the full range of previously reported 95 quantum yields. Results from Meusinger et al. [2014] suggest that ϕ is dependent on the 96 length of time that snow is exposed to UV radiation, as well as the location of NO 3 -in the 97 ice grain. Meusinger et al. [2014] suggest that two photochemical domains of NO 3 -exist: 98 photolabile NO 3 -and NO 3 -buried within the ice grain. The NO x produced from the 99 photolysis of photolabile NO 3 -can escape the ice grain, while the NO x produced from the 100 photolysis of buried NO 3 -is likely to undergo recombination chemistry within the snow 101 grain, thus lowering the quantum yield of NO x for NO 3 -photolysis. 102 103
The NO 2 -produced in E2 is quickly photolyzed at longer wavelengths (λ=290-390 nm) in 104 the LLR or can react with OH or H + in the LLR to produce N r [Grannas et al., 2007] and enter into rapid NO x -cycling reactions. In the atmosphere, the relative abundance of 116 NO and NO 2 will be determined by local atmospheric conditions, specifically oxidant 117 concentrations (e.g., O 3 , HO 2 , RO 2 , BrO, and ClO) . The snow-sourced 118 NO x is then re-oxidized to HNO 3 via E6 under sunlit conditions. 119 120 NO 2 (g) + OH(g) à HNO 3 (g), E6 121 122
The HNO 3 produced in E6 can undergo wet or dry deposition to the snow surface [Dibb 123 et al., 2004 ] within a day [Slusher et al., 2002 , Wang et al., 2008 . Evidence for HNO 3 124 re-deposition is seen in the snow NO 3 -concentration profile at many polar locations, 125
where NO 3 -concentrations are at least an order of magnitude higher in the top two 126 centimeters (cm) of snow compared to NO 3 -concentrations below [Dibb et al., 2004 , 127 Frey et al., 2009 , Mayewski and Legrand, 1990 , Rothlisberger et al., 2000 . Once HNO 3 128 is deposited back to the snow, it is available for photolysis again. NO 3 -can be recycled 129 multiple times between the boundary layer and the snow before burial below the photic 130 zone , Erbland et al., 2015 . 131 132
The photolysis of snow NO 3 -and subsequent recycling between the air and snow alters 133 the concentration and isotopic (e.g., δ 15 N) signature of NO 3 -that is ultimately preserved 134 in polar ice sheets, which hampers the interpretation of ice-core NO 3 -records [Wolff et 135 al., 2008] . Such records have been sought to reconstruct the past history of the abundance 136 of NO x in the atmosphere [Wolff, 1995] Insoluble nonBC material is responsible for 9-14 times more absorption than soluble 332 material in the wavelength range λ=298-345 nm. Insoluble BC material is responsible for 333 1.5-10 times more absorption than soluble material in the wavelength range λ=298-345 334 nm. The extinction coefficient is not influenced by the addition of a soluble absorber 335 because scattering by snow grains dominates the extinction in snow. The effective co-336 albedo of single scattering is increased by 6-15% when soluble absorbers are included.
337
The resulting change in z e is at most 0.5 cm, which represents an increase of 4-9% in the 338 wavelength region of λ=298-345 nm. 339
Calculating NO 3 -Concentrations in Snow 340
The median value of sub-surface (varied depth resolution) snow NO Once snow-sourced NO x is emitted to the atmosphere, it is subject to transport away from 439 the original site of photolysis. If snow-sourced NO x is oxidized to HNO 3 and re-deposited 440 back to the snow surface, then there is no net photolysis-driven loss of NO 3 -from the 441 snow. However, if some of the snow-sourced NO x is transported away from the site of 442 primary deposition, there is a net photolysis-driven loss of NO 3 -from the snow. The 443 fraction of total NO 3 -(photolabile + non-photolabile) lost from the snow driven by 444 photolysis (f) is calculated in E9: 445 446
In 
In E11,
!"# is the annual-averaged δ 15 N value of boundary layer NO 3 -and ε 500 is the fractionation constant (-47.9‰ [Berhanu et al., 2014] ). In this work, we set 501 Figure 3a shows the mean austral summer (DJF) e-folding depth of UV actinic flux in 519 snow (z e ). z e ranges from 24 to 69 cm, with the shallowest depths on the East Antarctic 520 plateau, due to the relatively high C BC values (Figure 3b ). Higher C BC in snow results in a 521
shallower z e because UV absorption in snow is enhanced as the concentration of LAI 522 increases [Zatko et al., 2013] . In this study, coastal grid boxes are a mixture of water, sea 523 ice, and snow-covered surfaces, and since actinic flux profiles are only calculated for 524 snow-covered surfaces, the average z e in coastal grid boxes are artificially shallow. Figure 3b . The highest C BC values in Antarctica are found on the East 539 Antarctic plateau (0.6 ng g -1 ) and the spatial pattern of C BC is governed by the snow 540 accumulation rate; higher snow accumulation rates dilute C BC [Doherty et al., 2013] . The 541 modeled boundary layer black carbon concentrations are relatively uniform across 542 Antarctica (0.1-0.6 pptv) because the majority of black carbon reaches Antarctica through 543 long-range transport (with the exception of local production from Antarctic research 544 stations). 545 546 Figure 3c shows the fraction of dry-deposited NO 3 -compared to total deposited NO 3 -547 across Antarctica. The ratio of dry deposition to total deposition ranges from 0 to 0.2 in 548 coastal Antarctica and from 0.95 to 0.99 on the East Antarctic plateau. Figure 3d shows 549 the modeled annual mean sub-surface (from 2-cm depth to the bottom of the photic zone, scenario, which is also described in Table 3 . !"# is most sensitive to ϕ, which increases 559 !"# by up to a factor of 330 compared to the base case scenario. calculate !"# . In contrast, model-calculated !"# using ϕ from Chu and Anastasio 577
[2003] provides better agreement with the observations, but is lower than the 578 observations by 14-78%. Use of the fraction of dry-deposited NO 3 -(F p ) to scale the 579 concentration of photolabile NO 3 -lowers !"# by up to 85% along the coast, but has 580 little impact on the East Antarctic plateau due to the high fraction of dry deposited NO 3 -581 ( Figure 3c ). The spatial patterns of !"# in Figure 4 are largely governed by the depth of 582 the photic zone (z e ) across Antarctica (Figure 3a) , which are inversely related to LAI 583 concentrations. The spatial patterns of !"# are also influenced by the fraction of 584 photolabile NO 3 -, which is lowest at the coast in the model. Figure 4c and Figure 4d . 605
Unfortunately, the actinic flux parameterization used here [Zatko et al., 2013] Figure 5b shows the total annual depositional flux 625 of recycled NO 3 -(F R ), which ranges from 0.7-31x10 5 ng N m -2 yr -1 and is also highest at 626 the coasts due to transport from the Antarctic interior by katabatic winds. F PRI and F R are 627 comparable in magnitude to the total annual flux of snow-sourced NO x to the atmosphere 628 (F NOx ), which ranges from 2-23x10 5 ng N m -2 yr -1 (Figure 4d ). Figure 5c shows Figure 7 shows the Nitrogen Recycling Factor (NRF). Across Antarctica, NRF ranges 647 from 0 to 16, indicating that nitrogen is recycled multiple times over the course of 1 year 648 across most of Antarctica, with the exception of the coasts. The spatial pattern of NRF is 649 governed by the flux of snow-sourced NO x to the atmosphere ( !"# , Figure 4d) heights are not systematically biased in one direction compared to observations, they 682 often do not agree well. Therefore, only the relative impacts of snow photochemistry on 683 reactive nitrogen and oxidant abundances are compared in this study. The impact of snow 684 photochemistry on boundary layer chemistry can be examined by considering factor 685 changes in boundary layer NO x , NO 3 -, OH, and O 3 mixing ratios between simulations 686 with and without snow NO 3 -photolysis. As shown in Figure 8 , the inclusion of a snow 687 NO x source leads to factor increases in boundary layer mixing ratios of NO x from 7.0-688 31.6, gas-plus aerosol-phase nitrate from 3.9-38.1, OH from 3.6-6.7, and O 3 from 1.3-2.0.
689
The largest factor increases are in West Antarctica, particularly near the Ross and Ronne 690 ice shelves, where winds carrying photo-produced species converge. The surface 691 transport pattern is especially important for the redistribution of the longer-lived species 692 NO 3 -and O 3 . Other snow photochemical reactions mentioned in the introduction but not 693 included in this modeling study will also impact oxidant abundances, but the effects of 694 each photochemical reaction are not be additive due to the highly non-linear nature of 695 oxidant cycling. 696 697 3.5. Implications for Ice-Core Records of Nitrate Concentrations and Isotopes 698 Figure 9a shows the minimum number of years that snow NO 3 -remains in the photic 699 zone on average, τ z (E9). NO 3 -remains in photic zone for 3 months near the Antarctic 700 coasts and up to 7.5 years on the East Antarctic plateau before burial below the photic 701 zone. The spatial pattern of τ z is governed by the snow accumulation rate, both directly 702 and indirectly through its influence on C BC . The spatial pattern of τ z is in agreement with 703 the expectation that NO 3 -remains in the photic zone the longest in areas with low snow 704 accumulation rates. 705 706 Figure 9b shows the fraction of NO 3 -gained or lost from the snow through photolysis (f, 707 E11), which ranges from -0.99 to 0.21. The positive f values indicate regions with net 708 gain of NO 3 -to the snow resulting from the spatial redistribution of NO 3 -driven by snow 709 photochemistry. In regions of convergence, such as over the Ronne Ice Shelf, and parts of 710 the coast, there is a net gain of snow-sourced NO 3 -. There is a sharp gradient in f between 711 the plateau and the coast, with the largest loss of snow NO 3 -on the East Antarctic 712 plateau. On the East Antarctic plateau, most photolyzed NO 3 -is transported away by 713 katabatic winds, but along the coast, the photolysis-driven loss of NO 3 -from the snow is 714 minimal due to high snow accumulation rates and transport of snow-sourced NO 3 -from 715 the continental interior. The spatial pattern of f is largely influenced by the number of 716 years that NO 3 -remains in the photolytic zone (τ z ), the concentration of photolabile NO 3 -717 (F p ), and wind patterns across Antarctica. 718 719 Figure 9c shows modeled enrichments in ice-core δ 15 N(NO 3 -) from photolysis-driven loss 720 of NO 3 -in snow, compared to sub-photic zone δ 15 N(NO The degree of photolysis-driven loss of snow NO 3 -is determined by both rates of 748 photolysis and transport patterns across the Antarctic continent. The spatial patterns of 749 recycling (NRF, Figure 7 ) and loss (f, Figure 9b The inclusion of snow-sourced NO x in GEOS-Chem leads to factor increases in boundary 790 layer mixing ratios for NO x ranging from 7.0-31.6, gas and aerosol phase nitrate ranging 791 from 3.9-38.1, OH ranging from 3.6-6.7, and O 3 ranging from 1. and February, r e ranges from 198 µm at the snow surface to 332 µm at 300 cm depth, and 1425 from March to November, r e ranges from 86 µm at the surface to 360 µm at 300 cm 1426 depth. 1427 e in r e sensitivity study 1, the base-case 'January' r e profile is applied for every month. In 1428 r e sensitivity study 2, the base-case 'December and February' r e profile is applied for 1429 every month. In r e sensitivity study 3, the base-case 'March-November' r e profile is 1430 applied for every month. ice grain radii (r e ) = 332 µm, NO 3 -enhancement factor (EF) = 6, bulk snow extinction
